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1.0 SUMMARY 


next section (Introduction). 

The objective of this study was ^ Provide a comparison of ^ ^ e 

decentralized power generation system against a cent 1 t °. y task order, the 

power on the lunar surface. As specified in the suw "Architecture (Ref. 

specific mission option addressed was P . t0 t his mission option will 
I-l). The time phased power requirements unique^ 0 th.s^miss^ ^ ^ ... 

for completeness. 

number of key technical areas were . ^ configurations, (3) power source 

comparison studies leading to o D ^rvati Option 5a reference 

arch i tectur^and 1 powe»- f system requirements used^s ^initio) daU base^ 

the a centralized h vsTdecentral l ized ^ 

were carried out included: 

. ac vs. dc Distribution 

. High vs. Low Voltage Transmission 

• Buried vs. Suspended Cables 

. Bare vs. Insulated Cables 

source, power conditioning and transmission^ cables^ fQr each of the three 

given to estimating not only the P hut ions (oower source, power 

candidate architectures but the individual contr but ^(^SifiStiinof 
conditioning, and transmission cables). This alloweo cne 

the principal mass drivers. 

A summary of the PMAD analysis and total power system ^ a * al a p 0wer sys t em 
Table 1-1 an ^ figure ^o/all three architecture configurations 

theN argest S mass^ contributor was the power source (-70-80%) with the 




Centralized vs Decentralized Task Elements 
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TABLE 1-1 

PMAD Summary Results 


Total power system mass comparable for ac and dc distribution 
Ac distribution preferred due to lower risk: 

1 kHz 

3e, 3 conductor litz wire 

Long transmission lengths (> few 100 meters): 

High voltage (5 KVrms) 

Buried cable (bare aluminum) 


Short transmission length (few 10' s meters): 


Low voltage (120 Vdc & 500 Vrms) 

Suspended cable (flat bare aluminum) 

transmission lines being the smallest (-3- A*) and ^"“i^^^be^sed 
the power conditioning. A selection of ac y s dc distr fidelity of 

on mass alone since each approach was shown to be equa sincc it is 

about 1 kHz. For the longer transmits, on engths (i • > « 

high voltage (5 KVrms buried Aluminum “^^.r^Tecommendation is flat 

as:; ;;*s ssia.s.tJS-'t'aa.srss;:: s-» «.«« 

to the astronauts and rover vehicles. 

If the base power requirements were to increase , or Oecrease.^^is.not 

expected that the conclusions for the PMAD 9 r epresenting 70-80% of 

thS mass of the power generating equipmen^ Vepfesent only about 5% 

the total power system mass. The transm ssion nnes rep conduioning 

of the total power system mass, the remainder oeing me 

equipment. 

Based on the results of fhi s study , bbe AT e ^Tred sele ^ approach has 
centralized or decentralized architecture is not clear r «j,J re j.j 

unique advantages and d ]? ad d a "|; a j^h c 5u re 'has the lowest mass whether ac or dc 
for example, the central i zed archi itectui re has architecture has 

distribution is utilized. On the other hand, a configuration and/or 

more flexibility toaccomodatechanges n th | land i ng area 

evolving requirements. For example, it it 1U l oiprta a 

needs to be farther from the habitat because of regolith ejecta, a 
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cllpl exIty^relTabtlltyt^avalUbi “ tj! g^thVtential, Implementation and 

spares/maintenance . 

A representative centralized ac power distribution J rch {j| c ^' f 0 ^J he 

Effiil surroundi nc^tiM ^architecture 5 i s disused in detail within the body 
of this report in addition to a dc equivalent. 

Ra - pd on the results of this task order study, there were several items 
identified that are recommended for future task order work. ese 
recommendations are as follows: 

Update transmission line model to include new Auburn University ac 
transmission model. 


Evaluate alternate ac distribution wire configurations. 

Develop models for alternate power conditioning equipment. 

Update results to include any new site architecture options. 

Update models to include life cycle costs, reliability, and 
commonality. 

Identify key technical issues and prepare development plans for 
resolving issues. 


Evaluate surface located conductors. 

Evaluate different centralized power system architectures. 
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2.0 INTRODUCTION 


This study was performed under NASA Lewis Research Center Task Order 

power systems for Space Exploration Initiative (SEI). 

The purpose of this study was to provide comparisons of the use of a 
system b for d provid^ lunar^urface^Th ^ 

oJilSn^dSliS ?n J^A^d^ production. 

Thp nower aeneration system was divided into three major categories: 1) 

the power Source! S)?oier conditioning, and 3) power transmits on. The power 
source^ls tSe deiice that generates the electrical energy. Van ous type were 
considered including photovoltaic with regenerative fuel cells, reactors wi in 
static (thermoelectric) and dynamic (Stirling and Brayton) power conversion 
and radioisotopes with static (thermoelectric) and dynamic (Brayton) power 
conversion Power conditioning is the equipment required to condition the 
oSIer from the source for transmission and to condition the power from the 
transmission! i nesto the surface elements. Various types were considered, 

J ! to dc dc to dc, ac to ac, and dc to dc, depending on the power- 
source and transmission conditions. Power transmission considered from the 
power source to the power conditioning equipment, between Power conditioning 
equipment, and to the surface elements. This was shown schematica y 

Figure 1-1. 

In the study, mass was considered as the primary comparison parameter, 
however other qualitative factors such as technical risk were considered. 
Using mass as the primary comparison had some significant impacts the 
Sr For example, a reacto? Brayton was selected over a reactor-St,r > g 

because of its lower mass. Since the Brayton 9 enerate %^°^ n ^? f H t: e studY 
imD acted the selection of the transmission frequency. The scope of the study 
did not permit considering other important factors such as cost, safety* 
rnmnipxitv reliability availability, growth potential, implementation, and 
spares/maintenance! ^ 1 Some*!)? the more’ significant assumptions and notations 
used are as follows: 

. Lunar architecture and power levels based on Option 5a. 

. Distribution internal to surface elements not considered. 


Support equipment not included. 

Surface element voltage assumed to be 120 V-dc. 

Critical loads supplied by 3+1 power conditioning and transmission 
channels. 
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Support equipment would include all the e duipment required to install^ 

and maintain the power generation system. A surface c1 em 5 n ^„ ?„ a ce 
dc was selected since that is what currently is being used on the Space 
SUUon Freedom (SSF); consequently, there would be much commonality. 
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3.0 


POWER REQUIREMENTS AND ARCHITECTURE OPTIONS 


3.1 POWER REQUIREMENTS 

Power requirements were gathered for ^^!. e lr“iUc^re 0 "Xse W pSwer 
requirenrents°were M W* 

cases^ersonal Sc&JKS. %d for clarification Ref^^L/the 
sS™»r? of these power requirements is presented '^‘UrdlfftJl at 

surface filcroents. The general science experiment 

the time of this study. Consequently. an estiioa e ^a uei . the 

s:::^ ssrsijTpSS s* ^ 

requirements which were based on previous commercial experience. 

A graphical representation of these power requirements plotted as a^ 

SSa^ 

400 kWe. 


3.2 POWER DISTRIBUTION ARCHITECTURE OPTIONS 


To insure all relevant aspects of centralized vs. decentralized power 

The 

basic layout was based on the Option 5 a SEI architecture j4 Rgure 3 . 2 
central station power system consists of an ™J* ia 1 A J u the en J 0 f seven years a 

s*s KSK.f: ssp-wSs . : ”S. “ ™. ir. 

own dedicated power source. 

S5SS-ES rautfs • 
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TABLE 3-1 LUNAR SURFACE STATIONARY POWER REQUIREMENTS 

OPTION 5a 
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NOTE: PEAK POWERS ARE ESTIMATES 



TABLE 3-1 LUNAR SURFACE STATIONARY POWER REQUIREMENTS 
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Figure 3-2 Centralized Power System Architecture 
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Figure 3-3 Centralized/Decentralized Power System Architecture - Option 5a 







Figure 3-4 Decentralized Power System Architecture 
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(1) 10 AT 10 kWe each 

(2) 100 AT 1 kWe each 

(3) S - Suspended, B - Buried 



subsequent section. The nominal delivered power is 

lines that terminate at a surface element. In some “growth power 

ti pfined based on a judgement of the uncertainty of the nominal power levels. 
?hIs grow?h p«er c J a?egory was defined to assist in determining the impact on 
mass if installing extra capacity distribution lines and conditio g 
equipment are needed. 

Also shown in Table 3-2 is the line placement, 1 ; e., suspen ded or 
buried. The rational for this selection is presented Secti! on 5, Power 

Management and Distribution. The nominal should bl 

each distribution line are also listed in Table 3 - 2 . Again, it snou 

mentioned the method of emplacement and emplacement equipment r addressed 
system were not included in this study. A separate task order addressee 

emplacement options (Ref. III-2). 
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4.0 POWER SOURCE OPTION 


4.1 INTRODUCTION 

A variety of power systems were characterized with respect to mass and 
other rel evan/ parameters. These power systems include the following. 

ReJCtO SP-100 Reactor with Thermoelectric Power Conversion System (PCS) 
SP-100 Reactor with Stirling PCS 
SP-100 Reactor with Brayton PCS 

Radioisotope . nrc > 

Dynamic Isotope Power System (Brayton PCS) 

S ° lar Regenerative Fuel Cell/Photovoltaic (Proton Exchange Membrane with 
GaAs on Ge) 

characteristics^were P determ^ned m over S thei ^applicable P^r/Snge Power 
criteria. 

A summary of specific mass characteristics for each 
considered above is presented Fl 9Jtr e “ * . , power during the lunar 

^"t 9 TmSrSeU^d mas^breakdown Edrther characteristics are presented 
in more detail later in this section. 

4.2 POWER SYSTEM SELECTION 

The initial lunar surface stationary power system for the Option 5a 

issisMii (ioSi) d sKiii'sSrifiiffi t V ; c n> u 

adequate Iintif th^oll?^ m ^ ing 6q f P fhis 

wtth^ thermoel ectr ic JSigh.3800 kg, compared to about 

Takina account of the reduced reactor power level (compared to a J 0 ® bP 

cables. 
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Figure 4-1. Comparison of Power Source Specific Mass 



After installation of the constructable habitat and 1 u° ar s ur f ac e mi n ing 
equipment, the total base power requirement rises to 375 kWe. Taking PMAD 
losses into account raises the requirement by about another 25 kW, thus 
requiring a 400 kWe reactor power system. For this study a 400 kW eSP-100 
reactor with closed Brayton cycle power conversion was selected. This system 
would have a mass of about 11,000 kg compared to a significantly higher mass 
(more than 10 times) for a PV/RFC system. At this power level the full power 
life of the reactor is about ten years. By reducing power for nighttime use a 
lifetime of fifteen years should be achievable. The B ^ton system was 
selected over the Stirling because of its slightly lower 
maturity, integration complexity, and less complex power conditioning (Ref. 

IV-1). 

In the centralized architecture, the reactor power systems would supply 
Dower for the Lunar Excursion Vehicle (LEV) servicer and scientific 
experiments. In the decentralized and hybrid architectures, separate P°wer 
sources are used for the LEV servicer and scientific experiments. For the LEV 
servicer which requires 9 kWe of continuous power, the DIPS is the most mass 
efficient system. A DIPS unit would weigh about 850 kg as compared to 2800 kg 

for a PV/RFC. 

Very little is known about the duty cycle of the scientific 
experiments. It was assumed in this study that they would be continuous, 
consequently, DIPS was selected as the reference power source for all 
scientific elements. 

A summary of the selected power systems is shown in Table 4-1 Tor each 
power system architecture option. For the reactor systems a shadow shield 
configuration was assumed along with a scaled SP-100 reactor. For 
optimized configuration was assumed at each power level. 

4.3 POWER SYSTEM CHARACTERISTICS 

4.3.1 SP-100 Thermoelectric 


Two different configurations were evaluated for the SP-100 reactor with 
thermoelectric power conversion, the first with transported « M rtijldin* and 
the second with shadow shielding. These two configurations are shown 
schematically in Figure 4-2. The 4 Pi shield would be used with a lunar 
lander (combined power plant and lunar excursion vehicle) to minimize 
time and site construction. The shadow shield would be used when additional 
Je”rnh used for shielding or when the reactor was installed ,n a crater, 

either existing or man made. 

The performance characteristics for the SP -100 thermoelectric power 
svstem with a transported 4 Pi shield are presented in Table 4-2. The dose 
criteria for the shield mass presented in this table is 30 rem/yr at 1 km. 

The shield mass for other separation distances and dose criteria are given in 
Figure 4-3. It call be noted from Table 4-2 that at 100 kWe the 4 Pi shield 
mass is 65% of the total system mass. 
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TABLE 4-1 

POWER SYSTEM SELECTION SUMMARY 


o 
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TABLE 4-2 

System Performance Characteristics 

SP-100 Reactor/Thermoelectric (With Transported 4 Jt Shield) 
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The performance characteristics of an SP-100 thermoelectric system with 
a shadow shield are presented in Table 4-3. With these shield configurations, 
additional regolith shielding or a buried configuration would be required. 

4.3.2 SP-100 Stirling 

Stirling engines have been identified by NASA as a growth option for the 
SP-100 reactor. These systems were characterized over the power £ r °' "V 

200 to 800 kWe. 800 kWe is about the maximum power achievable using the 2.5 
MWt SP-100 reactor. Configurations considered a power system with a 
transportable shadow shield. The power system would be ed and the local 
regolith would be used for biological shielding. A schematic of this 
configuration, along with key features, is shown in Figure 4-4. 

The performance characteristics for the SP-100 Stirling system at 
discrete power levels is presented in Table 4-4. The reactor outle 
temoerature was assumed to be 1350K, resulting in a Stirling hot side 
temperature of 1265K. The masses presented do not include ancillary equipment 
(bulkhead, retaining wall, etc.) required for a b jJ r ied configuration. T 
mass of such equipment has been estimated to be about 1350 Kg. 

In Table 4-4 the operating and redundant engines used were based on a 
recent study performed by NASA (Ref. IV-2) which select six operating and two 
standby unitsfor a 825 kWe system. A single Stirling engine ’s limit* ed in 
size to about 200 kWe (100 kWe per cylinder), consequently, at 600 kWe and 
below a 3 operating and one standby redundancy can be used. 

4.3.3 SP-100 Brayton 

Brayton power conversion is a well -developed technology and was selected 
for the Space Station Freedom Solar Dynamic Power System and the Dynamic 
Isotope Power System. Several Brayton engines can be coupled to the 2.5 MWt 
SP-100 reactor in a manner similar to the Stirling system to P rov |^ P 
about 600 kWe for a mass optimized system. The achievable power level is 
lower than that for the Stirling system because the Brayton cycle ®£ f ]j^ ency 
is lower. From grade level down, the reactor system is Identical to the 
Stirling system. Above grade, Brayton engines are used in lieu of the 
Stirling engines, and the radiator panels are somewhat larger. Figure 4 b 
presents a sketch of the concept along with key features. 

Performance characteristics for the SP-100 Brayton power s y s tem are 
L ftun T a hip 4-5 As with the Stirling system, the mass does not include 

ancillary equipment required for a buried configuration. The four -lfo^s^lOO 
aSd one standbj redundancy used for the Brayton was based on an earlier SP-iM 
Bravton study (Ref. IV-3). This is somewhat inconsistent with the Stirling 
redundancy, however, and will only have a small effect on total power source 

mass. 

In comDarinq the mass breakdown shown in Table 4-5 with that of the 
Stirling (Table 4-4), it can be noted that the masses of the power conversion 
andDOwer processing are lower for the Brayton. The mass of the Stirling heat 
rejection islowfo? the Stirling because of its much lower radiator area. 
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Power Sources Key Features 

SP-1 00/Stirling System 
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TABLE 4-3 

System Performance Characteristics 

SP-100 Reactor/Thermoelectric (With Shadow Shield) 
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System Performance Characteristics 

SP-100 Reactor/Stirling 
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Power Sources Key Features 

SP-1 00/Brayton System 
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operating, <1 0 mrem/hr shutdown 
. Radiation level 200 m from operating system 1 mrem/hr 
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The mass of Brayton power conversion is less than Staling sin ce Br y 

engines scale much better with power level. Also, since the „ S ^Hit?onino i S 
alternator has a low power factor and low frequency the power conditioning is 

heavier than the Brayton. 

4.3.4 Dynamic Isotope Po wer System 

The Dynamic Isotope Power System (DIPS) has applications to both mobile 
and low power stationary power sources. The DIPS consists of four major 
assemblies, as shown schematically in Figure 4-6. The heat source as semoiy 
includes the plutonium-238 radioisotope. The power conversion assembly 
consists of closed Brayton cycle components, including the 0 n a s S embl y 

I turboalternator compressor) and the recuperator. The heat rejection assemoiy 
incudes thS heat pipe radiitor to reject waste heat. The power processing 
and control assembly includes all the power conditioning and control 
electronics. 

The performance characteristics of the DIPS for \° /j^Se 

Dresented in Figure 4-7. The stair-stepped curves are for the modular 2.5 kwe 
DIPS, while the smooth curves are for point designs optimized at each power 
level. For the point design, a low turbine inlet temperature (1144K, 1600 ) 

line is also shown. Curves for the optimum and alternate 2.5 kWe modu e 
designs are also shown. The alternate module has a lower r Jj£ a ^ !j e * he 

expense of a small mass penalty. In the mass comparisons, the smooth curves 
with a turbine inlet temperature of 1300K were used. 

4.3.5 Regenerative Fuel Cells and Photovoltaics 

Although there are no photovoltaic/regenerative fuel cell (PV/RFC) 
options included in lunar Option 5a architecture, this system was 
characterized for completeness. A PV/RFC system consists of five major 
components; PV array, gas tanks, reactants, fuel cells, and water tank with 
radiator For the PV array, various cell materials were evaluated, including 
amorphous Si Si and GaAs on Ge. In addition, both fixed and tracked arrays 

wereevaluated. A mass comparison of the vari0 V s ^ el .y^ ay ?5 P kWe dav/12 5 
Dresented in Figure 4-8. The array mass comparison is for a 25 kWe day/iz.s 
kWe night power system. The actual end of mission (EOM) array power is about 
60kWe. Ascan be noted, the GaAs on Ge is the lightest array for both fixed 
and tracked orientations. The tracked system was selected because of the 
lunar dust problem of locating an array on the surface. 

For the regenerative fuel cell system, various concepts were evaluated. 
For the actual fuel cell, both alkaline and acid (proton exchange membrane 
(PEM) were considered. The alkaline fuel cell is used on the STS and was the 
prime power source on Apollo. The alkaline fuel cell, however, has shorter 
life, is somewhat heavier, and has startup problems compared to a 
The PEM cell was selected as the reference because of Us potential for lunar 

surface application. 


The PEM fuel cell uses H 2 and 0 2 as the reactants. 


me Ktn rue. ce.. n 2 «,.u ~ 2 « .... - A trade-off exists 

as to whether it is best to store these reactants in the gaseous or cryogenic 
state. A detailed trade study is currently in progress to determine the most 
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DIPS Features 
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enhanced emlsstvity 







DIPS System Performance Characteristics 

Manned Missions 
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LUNAR SURFACE POWER SYSTEM ARRAY MASS COMPARISON 

25 kWe Day Power output 



(Bn) SS2W 


paspEJl 

pa^OEJl 90/sv^O 
pa^EJi *S 

© 

>* 

h- 

>* 

pa^cejl !S*® © 

< 

o 

paxy ag/sv^O 


p*!= !S 


paxy ;c-e 




36 





optimum storage method. Cryogenic storage requires an * dditi ?;®'[ n 1 ? n k ^ e 1 ^ pr 
the liquefaction stage (for a 12.5 kWe nighttime power), resulting in a lar 9 er 
array and added system complexity. For this reason, gaseous storage was 
initially selected. 

A breakdown of the mass for a 25 kWe day/12.5 kWe night payer system is 
shown in Figure 4-9. It can be noted that the PV array ^presents 1 ess than 
10% of the total system mass. The major portion of the system mass is the 
reactants and storage tanks. A sketch of a typical PV RFC £ 0 "J^ati » 
along with performance characteristics for a 25 kWe day/12.5 kWe night p 
system, is shown in Figure 4-10. It is interesting to note that the 
electrol vzer Dower input is 32.6 kWe, resulting in a total RFC round trip 
efficiency of 43%. A mass summary for a total GaAs/Ge PV/RFC is shown in 
Figure 4-11 as a function of day and night power level. 
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LUNAR SURFACE PV / RFC POWER SYSTEM MASS 
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LUNAR SURFACE POWER SYSTEM MASS 

GaAs/Ge PV/RFC SYSTEM 
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DAY POWER LEVEL (kWe) 



5.0 POWER MANAGEMENT AND DISTRIBUTION 

The power management and distribution (PMAD) system consists o f the 
power conditioning components used to tonvert the generated power to d f erent 

forms for transmission, or to meet user requirements and the transmits 
ii™s Sit will conduct this power from the power source i ^thejoads.^ Three 

PMAD architecture configurations, centralized, y » _ detailed 

evaluated during the course of this study (see Section 3.0 for a aetaneo 

discussion of these architectures). Two T^dSf"^ ? “Emission, *dc or ac. 

models also allowed the transmission frequency to be ? hal ?J® d m. ^ ina1 y ’ 

configuration^ detemine^the b«^ and 

installation location. Key parameters were used to evaluate eacn 
configuration: power conditioning component efficiencies and mass 

transmission line mass and operating temperature and total system ma . 

The PMAD models have enabled conGlusiGns to be df awn * h ® r 

?^Slm?ssVon , "and 1 vartoir^ra^ smi s stSn" 1 ! ? ne°pl acement s and configurat ions 

sSe^mass^nc^elses 6 ^ power system growth • Hjjever^ the greater 

in 

overall PMAD system efficiency, an ac transmission approac appear 
technology , . ■iiictifv the increase in development costs. In 

voltage, short distance transmission lines should be suspended. 
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TABLE 5.0-1 
PMAD Study Summary 
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• Reduced Thermal Cycling Should Improve Reliability 

Suspend Low Voltage (120 Vdc) Transmission Lines 

• Lines Must be Suspended to Obtain Low Mass and Temperature 

• Use Flat Conductor Geometry to Enhance Thermal Radiation 

• Installation Costs Acceptable for These Short Distances 


DC vs AC & Nominal vs Growth 
Architecture 'Comparison 
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Figure 5 . 0-1 8/25/90 



5.1 PMAD ANALYSIS OBJECTIVES AND EVALUATION CRITERIA 

Four basic objectives were identified for this study: (1) characterize 

centralized, hybrid and decentralized PMAD architectures; (2) recommend 
transmission voltage levels; (3) compare ac and dc power transmission modes, 
and (4) recommend a preferred transmission line configuration and placement 
for each line segment. To define a well-balanced power system, both 
quantitative and qualitative evaluation criteria were established to assess 
each of these technical areas. PMAD architectures were evaiuated on the basis 
of total power system mass at nominal power levels and the capability to grow 
to higher power levels as the lunar base evolves. To define the optimum 
transmission voltage, the PMAD mass reductions realized at higher transmission 
voltages were weighed against the increasing technological complexity and 
escalating development costs. The power system mass was the prime 
consideration when evaluating the form of power transmission, dc or ac. 

However, important factors such as technological maturity, development costs, 
reliability, and expected system performance were also considered. When 
assessing transmission line options numerous factors were considered. e 
transmission line configuration is largely determined by the form of power 
transmission. The transmission line placement, buried or suspended (surface 
placement not considered), was selected on the basis of line mass, °P e ^ a ting 
temperature, installation demands and relative costs. Information on some of 
these items was obtained from a separate Task Order that addressed emplacement 

options (Ref. III-2). 

5.2 PMAD MODELING STATUS 

Several models were created by Rocketdyne to study variations of the 
PMAD system, as shown in Figure 5.2-1. First, three basic PM ^ D arC j ite S!^r e 
configurations, centralized, hybrid, and decentralized, were defined Each 
architecture was analyzed at nominal and growth power levels to assess the 
impact on power system growth as the base evolves. To complete the init ^ a 1 * . 
model formulation, two models were created at each power level to compare both 
dc and ac power transmission methods. 

The dc PMAD system models were created first. Numerous runs have been 
performed to ascertain architecture features, identify voltage trends, and 
resolve transmission line placements. The mass comparisons shown in Table 

5.2- 1 summarize the results. These values were obtained at identical 

transmission voltages and load power requirements utilizing the ? ? 

transmission line lengths and their suggested configurations. Fl 9 u jes 5.2-2, 

5.2- 3 and 5.2-4 show mass breakdowns for the three architectures. Based 

Table 5.2-1 and Figures 5.2-2, 5.2-3 and 5.2-4: the centralized architecture 

mass is the lowest at the nominal power level and increases the least to reach 
the growth power level; the power source mass is the dominant item in eac 
power system and its mass percentage increases in going from the centralized 
to hybrid to decentralized architectures; and for all three architectures, the 
transmission line mass is a relatively small percentage of the total power 
system mass. 

The centralized, hybrid, and decentralized ac PMAD models that were 
developed allow preliminary mass comparisons to be made at frequencies varying 


44 



PMAD 

Systems 



Uj 

K I 
£ O 

0 OJ 

% 1 

1 ® 


0 

0 

L_ 

I— 

CP 

c 


0 

X5 

o 



Q 

< 




45 


Figure 5.2-1 








Mass Comparison 


O oV» 

oo © 
-© 
VO rH 
CM *— 


©<^ 

ir> oV> 

ir> rr 
•H 
ro iH 
co 


© ^ 
© oV» 

m © 


© ^ 
in oY> 

in ro 

CO rH 


© 

© o\° 
© © 
-© 
© t-H 
ro 


© /-*« 
in o\® 
r>. © 

« 5 T w 


a o 

Ui H 

3 H 
O H 

a. a 


© o\° 

© ro 

CM csl 


© oV° 

©r^ 

© CM 
© 


© oV» 
© © 
^ H 
in'—' 


© o\° 

© r* 
in rH 
r^'-' 


© o\® 

in ^ 

rH rH 
<3- 


© o\° 

© ro 

© rH 
in s — 


cn 

</) z 

< o 


0- iii 

D-J 

H 

r 

NSMISSl 

Lines 

1350 

(5%) 

2750 

(8%) 

1300 

(4%) 

2450 

(6%) 

950 

(3%) 

(J Ui 

< 






LLl z 
H w 

H — 1 

a 

h- 






5 ^ 

Z 

UI 
Of o 
ui a 

© 

in ov» 

CM CM 

©/-* 
© oNP 

© in 

©/-v 
© oSP 
® « 

O 

O o\* 

vd r-* 

© 

© o\° 

© ro 
-© 

<C HI 

z 

o o 
a_ oo 

•r> 
©— ' 
rH 

- VO 
iH — ' 
CM 

ro ' 
CM 

ro ^ 
ro 

«=f ' 

CM 

2 ® 
HI Z 






H 

(/) 

Of -1 

.J 

< 


.J 

< 

X 

H 

.J 

< 

Z 

>■ 

00 

<* 

Ui ui 

3 > 
o ui 
a_ -j 

Z 

H 

Z 

O 

r- 

3 

O 

a 

© 

H 

z 

o 

2 

O 

a 

o 

H 

z 

o 


46 



PWRCEMDC.XIC 
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Figure 5.2-2 
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Figure 5.2-3 
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Figure 5.2-4 r/w /90 






from 60 Hz to 5 kHz. However, there is concern about the a «J™cy of the 
individual transmission line algorithms contained in these PMAD models. 

Auburn University is developing models for these lines, but they were not 
available for this study. In the interim simplified models were created. It 
is felt sufficient fidelity exists to yield meaningful results, but it is 
recommended that comparisons be made with Auburn's models to verify these 

results. 

The transmission frequency of the ac power s y^® m ^®^ 1 ? t p^ [) study 
was determined by the SP-100 Brayton s y ste V!S^ 

svstem with a Stirling engine source was not considered). The Brayton system 
was selected because of its slightly lower mass , 5-percent; technic 
maturity; and less complex power conditioning (see Section 4.2). Alternate 
freauencies can be obtained if a frequency converter is placed on the output 
of the alternators; however, the converter will increase the power sour 
and^reduce Its efficiency, 'unfortunately, iter*, «s "°t sufficing - to 
study this option, but it is suggested as a subject for future studies. 

The ac PMAD mass prediction results are summarized in Table 5 - 2 ' 2 - 
These values were calculated at the same transmission voltages, load power 
retirements and transmission line lengths utilized in the dc analysis 
However the’ transmission line configurations were changed to incorporate 
conductor designs that might be utilized in actual ac transmission lines. The 
transmission lino m f dels ’represented a 3-ph.se ,3 -Hire £»«'»»•• system 
that used litz wire 1 construction for the conductors. Earlier ana lys 
indicated this line configuration weighed less than options using single phas 
oower’transmissio^or’solid conductor?. (This study is discussed in Sections 
E°f 5 2 and 5 4 2 ) Finally, a 1 kHz transmission frequency was selected 
since* initial projections indicate it will be near the operating frequency of 
the SP-100 Brayton system alternators. Mass breakdowns of the three 
architectures are shown in Figures 5.2-S, 5.2-6 and 5.2-7. Looking at Table 
c 7 - 2 and Fiaures 5.2-5, 5.2-6 and 5.2-7, one draws the same conclusions 
voiced previously in the dc discussion; the centralized architecture exhibi s 
the lowest mass, the power sources are the heaviest items and transmission 
line mass is a small percentage of the total system mass. 

Comparing dc and ac transmission methods, the first thing noted is the 
nearly identical mass estimates obtained for each architecture jonfigur 
at the two Dower levels. Usually, the dc system is lighter, but the 
difference is so small it is considered beyond the accuracy of these mode s. 
Since a mass advantage was not evident for either method, (refer back to 
Fitre 5 0-1 for a graphical comparison), the power transmission form must be 
the basH Sf other cHteria. A subtle dist net on can be seen ,f 
Fiaures 5 2-5, 5.2-6 and 5.2-7 are compared with Figures 5.2-2, 5.2 3 and 
524 The power source mass is slightly lower for an ac system, but 
newer* conditioning mass is slightly heavier. This occurs because ac voltage 
transformations are inherently more efficient, resulting in a higher overa 


’Litz wire consists of separately insulated strands woven < to i assume all 
possible positions within the conductor cross section. See Section 5. 3. 2. 2 
for additional details. 
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AC Power System Architecture Mass Comparison 

Nominal Line Lengths 
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Figure 5 . 2-5 7/10/90 
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Figure 5.2-6 
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Figure 5.2-7 7 /ie/vo 




system efficiency. This improved efficiency reduces the power sourc ® 
requirements and subsequent mass. The ac PMAD system, I however, 
the SP-100 Brayton alternator frequency, which does not result in the minim 
mass for ac power conditioning components containing transformers. 

In summary it should be noted that all power conditioning mass 

estimates Include the mass of the accompanying thermal S^robtaiS^he^ 2 3 * * 
subsystem. It is imperative that these masses be included t0 2* t 

complete power conditioning system mass. To assess the impac 
component operating temperatures and radiator sink *S e d els 

models permit the user to change these values. Finally, individual models 
exist for each of the power conditioning components and transmission lines 
utilized in the PMAD analysis. This allows the creation and analysis of 
unique power system configurations by selection of the proper power 
conditioning and transmission line elements. 

5.3 PMAD MODEL DEVELOPMENT METHODOLOGY AND ASSUMPTIONS 

The PMAD models consist of two parts, the power conditioning components 
and the transmission lines. The operating characteristics and functions of 
?Sese itelns a?e libstantially different; therefore, the models representing 
them also differ considerably. Individual models were created l^r each tyP 
of power conditioning component, transmission line configuration and 
placement. To create a complete PMAD system model, specific component models 
were 6 selected based on the PMAD architecture and type of power transj ss ion. 
These component models were then integrated into an overall PMAD model by 
interlinking the component voltages and powers. Key input and output system 
val ues 1 were pi aced in a summary section to facilitate model parameter changes 
and display the results in an easy to read, convenient manner. 

The algorithms utilized in these models were developed for components 
that are projected to be available in the 2000 to 2010 timeframe. Numerous 
improvements are projected for converter components, thermal management 
subsystems andpackagl ng techniques. It is anticipated that carbon-carbon 
wil/be used extensively for enclosures and heat pipes, replacing aluminum in 
many applications. Component radiators will also utilize carbon '^!?° n . 
extensively. The use of amorphous metals for transformer cores should reduce 
their mass and losses, especially at high frequencies. Presently, most 
individual semiconductor switches are limited to operating v °J]: a 9® s b ® low 5 
V f Ref V-l V-2, V-3, V-4) . Silicon controlled rectifiers (SCRs) are 
available at voltages up to 5000 V; however, their turn-off requirements limit 
their applications* (Ref. V-5). The development of high voltage, high power 
semiconductor switches should decrease the mss of converters and improve 
their efficiency. The algorithms incorporate these anticipated technology 
advances, and they are reflected in the mass estimates. 


2 An SCR cannot be turned off by simply removing the gate signal ; the curr ®"t 

flow must either be interrupted or forced to flow in the opposite direction. For 

ac swUching or rectification, these turn-off requirements are acceptable because 

the current 9 naturally crosses through zero each half cycle. However, in a dc 

application such as an inverter switch, they usually are not acceptable. 
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Thn PMAn cvstem mass is qoverned by the PMAD architecture, the number 

criteria ^hfout^rji^^demS? 1 the^oSer 1 source! "ouJpIi? an< 1 transmi ss 1 on 
wnitaaes’ the Dower conditioning component operating frequencies and stag 

iSi ^r; e a ?c Ul ate 

component and line m J ss !L b ?^ r 0 ? a ^ 

filtering requirements and power factor aemanas, weic 

the model development. 

Reliability wi!l be a Jey consideration as the 

decided** that n four°parallel™channels would be Sf'thS'SSSe^Thls 

a^lowfJnfchannel toftil “nd rtn^l^’lj^iJ^aSSSrtlto 
failed, power would be reduced by a third. This ^^“^^e habitats to 

x^e^ 

Zl'onfnl fabrication ^dValSr^ance A channel^ l«» ^reduces.the 

5 sr- 

Unfortunately, reliability considerations^typically^increase^ower 

channel? 3 the PH°a 5 £. would bS increase^ Multiple "b/JT 

3 l W Fiaure a 5'ri tha A single 30o"kW transformer will weigh about 30 percent less 

monitoring system. 

It was assumed that each of the loads (typically module or habitat 
JSSW 2^" “Jtfthj jrSt SSF requirements - 

a, ■?»"«£’ zi ^ ,« 

probably contain several motors; “qui^nts are defined, the 

Say be more appropriate As these ’“^/“wct Finally, inside the habitat 
S r 5 "°a ^0 d t b t n 5 em ?f necessary ti distribute the load 

pSw fr aJMSe R chote^uIge r ln3 frequency t. Individual dev ces^ These 
secondary distribution systems were not considered in this study. 
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Power (kW) 

Include thermal manajement » radiator subsystem masses 




5.3.1 Power Conditioning Mod e ling and Analysis Approac h 

The lunar base power system will use several types of converters; 
however one can note from the diagrams in Figure 5.3-2 that all 9 on verters 
K cSJn stages. For example the dc/dc converter the dc/ac inverter nd 
the ac/ac freauency converter each have a chopper stage. The 
and control of these stages determine the function and operat ion of 
converter Hence, one can define the stages contained in a specified 
converter' calculate their individual masses, and then add these values to the 
control and monitoring hardware mass, the enclosure «« and ^ ^ thermal 
management and radiator subsystem mass to determine the total mass of 
complete converter. 

calculM, P ^^ 

designs and noting the mass variations occurring with frequency, voltage, 
nower level etc The main source of component information was the SSF 
documentation. These designs best typify proposed lunar base ^dware and 
reDresent the latest space-based components, operating at tne nignest sueduy 
state Dower levels. Since the lunar base will be erected about ten yea 

SMtaWSli 3SSSS 

rooni tor 1 ng r sensors men The U mass^ C of t thr individual 1 stages C and°anci 11 ary 

equipment are summed to determine the mass of the component electronics. 

man d o? n the'Lrrounding a enclosure!'"including h«t 

th^componen^mass 'll" tte ^m^nagement^d 

rad i ator°subsys tern ' mass"to y 1 el d' the total power conditioning element mass. 

The thermal management and radiator subsystem mass is an Important 

ft" ^rS^-lt^JSlSS owe T r°l C o»e^^t E^enimked. 

?rnv:r t si:n t : d f f,c^i t c; P,y i?^"^ 

determined. The radiator mass ^on ^utilizes t5” a J0'*^ n 1 k °”; p ^ atures t0 
conjunction with t effective radiator temperature value assumes 

“ c “ 5 1 l l ( 30 "” l' temperature dSlta exisJs between the electronics cold plate 
ani ihe rad i at or surface The assumed radiator configuration is a vertical 
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DC/AC Inverter Block Diagram AC/DC Rectifier Block Diagram 

Figure 5 . 3-2 

Rockwell International 





flat plate under 15 feet in height that utilizes a reflective blanket placed 
on the lunar surface to reduce the effective sink temperature. 

-ini 

temperatures and anticipated t ^J^converter uni ^(DDCU^ and a lunar 

thermal management system for a SSF dc to dc converter L f 5 nned ' heat 

excLngT?o!lL?rshS a p this dUgrw "J^^^aS'JsJdbifsSF to allow 
repl aceabil i ty°of t the power Suiting units an^other^ponents^iThe 
algorithm development utilized this c°"cep able It should not be 

considered 3 ^ recommend a t i on” ’^altemat/approach may be employed for the 

Thp <;sf DDCUs which are representative of the proposed lunar ^ ase 
S' 1 ? (?76- a F) S n This°analysis d is i b«ed a on e the r finned t heat r exchangp design 

srslii : ss KSHSS- 

30* C (54* F) across it. Assuming thermal transfer improvement.;, 
increases in electronic* operating temperatures occur, a value of 40 C ( 04 
F) was selected for the lunar base component co d s X?n some 

cold plate temperature increase of 30 C (54/), y S w e the 

^^^^!aS2r3'SS? 3^ ‘; , ' 

The algorithms used in this study to determine m “ p ^^ement 
subsystem mass yielded a value of about 12.2 g 5 a perC ent of its total 

translates ffSSt efficiency For 

Till kWe , * 1 1 kHz^transformer" 1 that has'a 97.9 percent efficiency, the mass 


3uti unnv 9 i 7 indicates the reliability of electronics assemblies will 
MIL-HDBK-Z17 inaicaxes me renau f dev ; ces suc h as logic 

.-*ar 

reliability. This increases component mass. 
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Projected Lunar Base Component Thermal Diagram 

Figure 5.3-3 




3?r a ::.r 

5 3 i.i Power Conditioning C o mponent Types 

^SSigS?*^*- ’rsSf 

th”r function and role In the PMAD system are addressed below. 

Dc power systems generally must use dc/dc converters to thang^the^^ 

voltage level for «q!l??2d'for the main power 

architectures under study, a dc/dc c verter ^ ^ thermoelectric 

transmission channels to step up the * rannp 3000 to 10,000 Vdc. Current 

voltage ac, at an intermediate freque , j c uu 7 At the user end, an 

would £ “nii-S! ^ Y “t^sSS^cSSlSSsS 1 

~ f ss^ 4 LS fl t,~ 1 SKi?s. ,, s5iS. 1 s 

voltage ac. With a low rreque y p ronvert the low frequency ac to 

ac/ac frequency converter might be d t t transfor mers. At the user 

high frequency ac to reduce the mass A 0 Dr0 vide different frequencies 

end, ac/ac frequency .converters might be used to P^oviae 1# 

for specialized applications. Although an ac/ac rreq^ ^ tQ develop a 
mentioned, there was not sufficie 9 * an ac/ac frequency converter and 

oSSSSll - system moss is 

reduced. 

It was stated earlier that each ,"- n ^ersUg2s, C S2.1^ 9 ^eir 
Although differences exist »j'th converter's function. A brief 

explanation' o^thes^stages and their operation is provided in Appendix A to 
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acquaint the reader with their function. Frequent comparisons are made to 
existing space station elements to provide a reference technology base. Some 
of the development issues and testing requirements are also addressed there 
since they will have a bearing on the final PMAD configuration and they were 
considered during the model development. An introduction to the individual 
stages and some of their technology issues will provide a better understanding 
of the complete PMAD system and the models created to analyze it. 

5.3.2 Transmission Line Modeling and Analysis Approach 

The transmission line models developed during this study considered the 
conductor material, the installation location and configuration, the conductor 
construction and geometry, and the effects of ac or dc power transmission (see 
Table 5.3-1). Separate models were created for each transmission line option, 
but only certain ones were actually employed in the final PMAD models. To 
identify the best transmission line configurations and reduce the PMAD 
modeling and subsequent trade study to a manageable size, the various line 
options were first evaluated in expected lunar base applications. By varying 
the transmission line operating parameters, the effects on mass and operating 
temperature were assessed. Based on these initial results certain 
unattractive options were quickly identified and eliminated. The remaining 
options were included in the overall PMAD models to support system analysis. 


Table 5.3-1 

Transmission Line Parameters 


P»r»»Af«r 

Cable Placement 
Cable Configuration 
Cable Insulation 
Conductor Material 
Conductor Geometry 
Conductor Construction 


ac Lines 

Buried, Suspended 
2-Wire, 3-Wire 
Uninsulated 
Aluminum, Copper 
Round, Flat 
Solid, Litz Wire 


dc Lines 

Buried, Suspended 
2-Wire 
Uninsulated 
Aluminum, Copper 
Round, Flat 
Solid 


The individual transmission line models were based on the work produced 
by Auburn University (Ref. V-10). The initial dc transmission line models 
were created by simply converting the algorithms in Auburn's report into 
computerized spreadsheet equations. Later, minor modifications were made to 
the spreadsheet equations to include a flat conductor geometry. The ac 
transmission line models used the dc models as a starting point and included 
the chief effects characteristic of ac transmission. To reduce the losses 
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created . 

ss "S1SSS rH«M" 

l^T ^ , S^^ t »3riS»r», * the same power, 
vol tage /and efficiency, ^t oxhi bi 1 1 ng dK ferent^temperatures * a ^[ jl depending 

on'the'temperature Jmfence thi-ass difference c^^ significant^ For 

causes the line mass to rise to 152.1 kg, an increase or h 

However, the ”* 

the accompanying increase in 1 -ru e a b 0Ve 95 percent efficient, 

effect they have on the power source mass. The b a P resistance of 2.63 

flat transmission line has a ^P^^rsource reguired to feed this line is 
ohms. The mass of the! 526. 3 kwe po Dercen t increases the temperature to 

14,166 kg. Reducing the efficiency to 90 P^ e £ a ™^ n line mass now 

ST5.W H : 2sT^ 

I? C pa” to have highl^efficient ‘ransinission^lines^hat^will ^’turally^ ^ 

power^source UlfirSrtSrtTTi” sensitive to changes in transmission 
line efficiency. 

5 .3.2.I Buried vs Suspend ed Transmission Lines 

Two transmission line locations w^e considered '^^j^study, ^suspended 

and buried s ( ?SeItified a 5ith n bu?ied n °id suspended transmission lines can be 
Snf rAubr iiwfrsn^ -;: d rt .entitl d ■EJ-trUal Transm.ss on on the 
Lunar Surface - Part I ^Transmission , ’f^the’conductors/ Due to 

difference is the manner in which h rnnf 4 UC tors utilize thermal radiation. 

zss&s ... — 

3 "" S5SS3T 

algorithms--other°f actors were also ^J^ d ®^ d r g{ y ^g U Sn the^nlil ati ng thG 
model development. Bare ’ 1 s «Pf" de ? J I n “ Viator, but it can be 

properties of a vacuum. A vacuum P Qblems that may occur w i th 

suspended 1 ? ines SJ^dSlStri! ISrface flashover and electrostatic charging of 
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regolith dust particles. Suspended conductors must be supported. High field 
stresses may cause a charge to travel between conductors, along the surfaces 
of the supporting members. Regolith dust particles may also be attracted to 
transmission lines by electrostatic charging. Dust particle bonding would 
impede thermal radiation. Buried, uninsulated transmission lines will utilize 
regolith as an electrical insulator. The electrical resistance of regolith 
appears quite high, about the same as standard conductor insulations, but 
variations in regolith composition could result in insulation failures . 
Although none of these items appears to be a major obstacle, transmission line 
testing is required to verify the assumptions and characteristics used by 
Auburn in its model development. 

5. 3. 2. 1.1 Suspended Transmission Line Considerations 

Terrestrial transmission lines are mainly cooled by convection. Since 
the Moon does not have an atmosphere, the sole practical means of cooling 
suspended lines is thermal radiation. The line cooling problem is compounded 
by solar heating. Any time the sun is above the lunar horizon, it is 
insolating the conductor surface with 1372 watts/meter . An absorptivity 
coefficient of 0.1 was used for both copper and aluminum conductors; hence, 10 
percent of the solar flux incident on the conductor surface will be absorbed. 
It may be possible to enhance conductor cooling through the use of specialized 
coatings designed to reduce absorption, but increase emissivity. 

Figure 5.3-4 shows some of the transmission line options that were 
considered to determine the best methods of thermal management. The first 
option used a single round conductor sized to handle the full circuit current. 
The second approach utilized three round conductors, each rated to carry a 
third of the current. The last approach employed a horizontal flat conductor 
geometry with an aspect ratio of about 50:1. A vertical orientation was also 
considered, but rejected due to the installation difficulties and the absence 
of any major improvements in thermal radiation. Because the Moon lacks an 
atmosphere, the solar radiation striking a vertical conductor when the sun is 
near the horizon is the same as the solar radiation striking a horizontal 
conductor when the sun is at high noon. If later studies indicate settling 
regolith dust may be a problem, this orientation may need to be revisited. 

Based on several cases, it was generally determined that the best 
approach was a flat conductor. The largest amount of conductor surface is 
exposed, thus enhancing thermal radiation. However, at lower conductor 
temperatures. Figure 5.3-5 shows a round conductor configuration may be 
superior. This occurs because thermal radiation increases by the fourth power 
with conductor temperature. Solar flux remains constant, independent of 
conductor temperature. Therefore, at lower conductor temperatures, it becomes 
more important to minimize the absorbed solar energy by reducing the conductor 
surface area. This favors a round geometry. Although the option utilizing 


4 The range of resistivities defining an electrical insulator depends on 
the application and the applied voltage, but it is typically between 10 and 
10 20 ohm-cm. The resistivity of lunar rock varies between 10 and 10 ohm-cm 
(Ref. IX.) 
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Figure 5.3-5 




three 33 percent rated conductors exposes more surface area, this is not the 
main reason it was initially considered. Dividing a transmission line into 
smaller lines enhances reliability, since a failure will not result in a total 
power loss. This approach is one of the few instances where it may be 
possible to increase reliability and actually reduce mass. 

5. 3. 2. 1.2 Buried Transmission Line Conside rations 

Since buried conductors are cooled through thermal conduction, the lunar 
soil thermal conductivity is critical. Regolith tests indicate its thermal 
conductivity is extremely poor, approximately 100 times worse than terrestrial 
soil. This is partially caused by differences in composition, but mainly due 
to the absence of moisture. Because of this poor conductivity, a high 
efficiency design is required to minimize line losses. This reduces The 
conductor temperature, but at the expense of increased mass. For low voltage, 
high power transmission applications, buried cables proved to be impractical. 
To achieve acceptable temperatures, the line mass would become prohibitive. 

The only buried conductor geometry considered was a round configuration. 
The impact of other configurations has not been examined. The algorithm 
changes required to assess other shapes appear quite involved and they would 
have taken considerable time to develop. The additional time and resources 
needed for this task were not available. 


5. 3. 2. 2 dc vs ac Transmission Lines 

Two basic forms of power transmission were studied for lunar base power 
transmission, dc and ac. dc power transmission is typically more efficient 
than ac because dc line losses are primarily due to the conductor resistance. 
Losses may also occur from corona discharges, but these should be very small 
in the near- vacuum atmosphere of the Moon. For ac power transmission, the 
skin effect plus inductive and capacitive reactance terms must be added to the 
dc conductor resistance to determine the total ac line impedance. The ac 
resistance is the sum of the line's dc resistance and the resistance resulting 
from the skin effect, ac characteristics have necessitated the development of 
alternate cable configurations, especially for high frequency ac power 
transmission. The transmission line options shown in Figure 5.3-6 (except the 
parallel plate configuration because of funding limitations) were used during 
this study to analyze ac effects. Only a few of the potential ac cable types 
are shown in this figure. 

The skin effect is a phenomenon that occurs in ac transmission due to 
the rapidly changing current intensity. It arises from the fact that the 
inductance encountered by the current is higher at the center of the wire than 
at the periphery. This causes an uneven current density over the conductor 
cross section; the current density is a minimum at the wire center and a 
maximum at the periphery. The net result is an increase in the effective 
resistance of the conductor. This effect becomes more pronounced as the 
conductor size and frequency increase. 

A special wire construction, called litz wire, has been developed to 
reduce the skin effect losses. Litz wire consists of numerous wire filaments, 
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each individually insulated, within a conductor bundle. Because each strand 
is insulated, the conductor behaves like many small wires run in parallel. 

This dramatically reduces the losses resulting from the skin effect because 
the useful conductor cross section of these individual strands is much larger 
than that of a single large conductor. However, the cable mass is increased 
due to the added weight of this wire filament insulation. Other conductor 
configurations are probably better suited for power transmission at the 
frequencies considered in this study, 1 to 5 kHz; but the algorithm changes 
needed to model a simple litz wire construction were the easiest to develop 

within the study time frame. For transmission at 20 kHz, a special flat cable 

wire construction was developed for SSF that exhibited lower impedance than 
litz wire. This cable or a derivative may also be suitable for the 1 to 5 kHz 
frequency range addressed during this study. 

Line inductance is an important factor in ac power transmission, 
especially at high frequencies. Since inductive reactance is determined by 
the formula 2irfL, it increases linearly with frequency for a constant value of 
inductance. A high inductive reactance generates a large reactive power 
demand and causes a poor power factor. A larger current must conducted 

by the transmission line to supply this reactive power. The net result is an 

increase in the transmission line diameter and mass. 

Line inductance can be divided into two parts: the external portion 
determined by conductor separation, and the internal portion 
the magnetic field within the conductor. For most applications the external 
portion dominates. As frequency increases, the internal P 0 ^ 1 ^ 
external part remains unchanged. The main determinant of external inductance 
is the distance separating the conductors. Ideally, to minimize it, a 
conductor and its return conductor should occupy the same space. Although 
this is impossible, it demonstrates why it is increasingly important to 
develop a transmission line configuration that minimizes the conductor 
separation distance as the operating frequency increases to minimize inductive 

losses. 

Other ac transmission line effects, such as shunt capacitance and 
standing wave losses, were not included in this study. Auburn University 
addressed these items during the course of their model development. 

Discussions with Auburn personnel indicated their models included shunt 
capacitance terms, but not standing wave loss terms. Standing wave losses 
were determined to be insignificant. Shunt capacitance did have an effect, 
but for the frequencies covered in this study, 1 to 5 kHz, they indicated the 
power loss attributable to it was relatively minor. This certainly does not 
mean it can be ignored, though, and later algorithms should include its 
effects. Capacitive losses will increase with frequency unless the line 
spacing is increased to compensate. Since this approach is in conflict with 
the method employed to minimize inductive losses, the conductor construction 
and relative placement becomes much more critical as frequency rises. Longer 
transmission distances further compound these problems. 

The resistive power losses in the transmission lines because of reactive 
Dower flow however, are only part of the impact. The power source must be 
capable of’supplying the higher current levels resulting from the reactive 
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power demand. Preliminary calculations by Rocketdyne personnel indicate the 
series inductance and shunt capacitance of the lines may have a mor ® , 
pronounced effect then originally assumed. At the frequencies J" 

this study, 1 to 5 kHz, it appears the reactive power demands of th e s yst e m 
^sufficient to increase the power source sizeorater its design Th 
imnact of reactive power must be addressed in greater detail in later studies 
i?detem full effects, but it is clear that the operating frequency 

will have a major influence on the results. 

The main points that should be noted from this discussion are: (1) dc 

lines will be simpler to fabricate than ac lines, and (2) ac conductor 
construction and relative placement will become increasing critical as the 
operating frequency is increased. To minimize the inductive reactance of ac 
lines, solid dielectrics may need to be employed to maintain a minimal 
distance between the conductors and ensure an adequate insulation 
At higher frequencies, specialized constructions such as parallel plate or 
litz wire will probably be required. These items will lead to increased 
development costs for ac lines and probably complicate their installation. 

5.4 LUNAR BASE PMAD ANALYSIS RESULTS 

After the individual models were developed and evaluated, the lunar base 
power system study assessed the effects of voltage, frequency, and 
transmission line geometries and placements on the overall cKet^^tity Lt 
is important to consider the lunar base power system as a c °n>plet® 
a collection of individual components. Discrete model results are suitabl 
for eliminating obvious items, but final power system optimization requires 
complete system model addressing all the interactive component effects. 
However, it is frequently beneficial to present component effects first to 
identify the underlying causes of an overall system trend. In this section, 
system influences were primarily assessed on the basis of total system mas . 
Before a final recommendation can be made, technology requirements, 
development costs, and system reliability must also be considered. 

5.4.1 PMAD Voltage Study 

The voltage level ultimately selected for long distance power 
transmission will have a major impact on virtually every component design. 

The transmission voltage primarily affects power system elements in two ways. 
Transmission lines and power conditioning conductors are basically sized on 
alperage requ rements. Increasing the voltage level reduces the amount of 
cSrent a line must carry and its size. However, a higher voltage level 
forces power conditioning components, and possibly even transmission lini es, 
requiremore insulation. Using specific examples, the ""pact of the: se 
influences can be illustrated with individual components to identify the 
effects present within a complete power system. 

The voltaae effects present with most power conditioning components can 

be addles sed by^con s i dering a dc/dc converter. To £?™ t itS T fi? ° Ur 
oower conditioning operations are included in one component. This chopper, 
transformer, rectifier, and filter combination exhibits most voltage effects. 
The impact of voltage on the component mass as shown in Figure 5.4-1 is 


to 
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relatively minor over the range shown. Voltage does not have a PJJ n ounced 
affect on component mass until values above 20 kV are required. 
high voltage levels, added insulation is required for devices and the distance 
those devices must be separated to prevent flashover becomes significant. 

Both factors increase the component volume, and consequently its hardware 
mounting area and enclosure mass. To further examine power conditioning 
voltage effects, it is necessary to address the individual stages. 

The chopper section is composed of modules, each containing a 
semiconductor switch and a snubber circuit. These modules are connected in 
series to switch higher voltages. Theoretically, since the voltage across a 
single module is not increased, its insulating requirements are unchanged. In 
practice, this is not always true. The insulation and switch ratings may need 
to be increased to tolerate uneven or improperly applied voltages. 

A high voltage transformer requires additional insulation to 
electrically isolate the primary and secondary windings and the turns that 
compose these windings. However, since the insulation mass is a very small 
percentage of the total transformer mass, it can increase substantially and 
the transformer mass will only change slightly. The main increase in mass is 
probably due to a secondary effect. If extra wire insulation is required, the 
winding cross sectional area is increased. This necessitates a larger window 
area to accommodate the windings; consequently, the core size and mass 
increase. 

The rationale employed in discussing the chopper stage also applies to 
the rectifier stage. The rectifier construction may utilize a pancake 
configuration of stacked diodes or thyristor modules. In this construction, 
the elements are electrically connected in series. Since the normal voltage 
across an element is not increased, the only reason to increase an element s 
rating or its insulation is to withstand higher transient voltages. 

The filter section utilizes a network consisting of capacitors and 
inductors to filter voltage transients. Two factors are typically involved in 
assessing this stage. If only the component voltages are increased, the 
ratings of these elements can be increased or they can be connected in series. 
The effect of this would probably be quite small. The other factor that must 
be considered is the magnitude of the voltage spikes and the energy that is 
contained in them. The energy stored in a capacitor is related to the voltage 
squared; therefore, the mass of a filter capacitor may increase due to the 
higher energy levels present in the voltage spikes. 

Another voltage effect has a major impact on the design of dc 
switchgear. A dc remote bus isolator (RBI) must use a mechanical and/or 
semiconductor switch designed to interrupt the maximum bus voltage. This 
substantially increases the dc switchgear mass (see Figure 5.4-2) as the 
voltage level is increased. A mechanical switch interrupting a high voltage 
normally draws a sizable arc. It is important to extinguish this arc as 
rapidly as possible and harmlessly dissipate its energy. A semiconductor- 
switch will encounter high electromagnetic forces during opening that will 
qenerate high stresses and concentrated heating. These factors force a dc RBI 
design to be structurally stronger and capable of dissipating higher heat 
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loads. An ac RBI switch design utilizes a technique known as zero current 
crossing to minimize the stresses present during opening. An ordinary ac 
waveform will have a zero current level twice each cycle. If the power flow 
is interrupted at this point, the I 2 R heating effects and electromagnetic 
forces will be minimal. This enables the ac RBI design to be much lighter 
since the voltage drop across the switch should never reach the full bus 
voltage level. Referring back to Figure 5.4-2, one can see the pronounced 
effect this has on switchgear design as the voltage levels are increased. 

Increasing voltage has a positive effect on conductor mass, especially 
if bare conductors are utilized. The reduction in conductor mass as the 
voltage level is increased is shown in Figure 5.4-3. The curves are nonlinear 
because a specific efficiency is shown, 98 percent, and conductor losses are 
calculated by the formula I 2 R. As current increases linearly, losses increase 
exponentially. 

One other point should be made about Figure 5.4-3. At an equivalent 
voltage and efficiency, the mass of an aluminum conductor is almost exactly 
half the mass of a copper conductor. Since mass is typically the most 
important yardstick for long distance transmission lines, aluminum conductors 
were used throughout the PMAD system. The main reason aluminum conductors 
have not been widely used before is due to concerns about terminations. New 
termination methods and hardware have largely solved these problems and it is 
expected aluminum conductors will become commonplace on high power, space 
based systems. Aluminum conductors and buses are already the norm for most 
terrestrial switchgear equipment and motor control centers. Because of its 
smaller volume and better ductility, copper will continue to have a place 
within the power conditioning components; but for external conductors aluminum 
appears superior. 

These component examples have demonstrated the main voltage effects, now 
a system view is required to assess the summed magnitude of these individual 
influences. The power source and transmission mass as a function of 
transmission voltage is shown in Figure 5.4-4. Based on this figure, power 
system mass approaches a minimum value at about 5000 V and remains relatively 
constant. In addition, the ac and dc masses are quite close at each voltage 
level. To obtain better clarity, these curves are repeated for a smaller 
voltage range in Figure 5.4-5. This figure shows the minimum dc system mass 
lies between 6000 and 7000 Vdc, while the ac system mass continues to decline 
slightly over the entire range. This disparity is attributable to the 
differing switchgear design requirements. 

Since the power system mass does not change notably beyond 5000 V, it is 
important to determine if a higher voltage level can be substantiated. The 
advantages and disadvantages of high and low voltage power transmission are 
summarized in Table 5.4-1. In addition to the earlier discussed results, 
several other voltage effects are listed here. The selection of 5000 V, as 
the transmission voltage level, was strongly influenced by the factors 
identified in this table. 
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TABLE 5.4-1 
POWER TRANSMISSION 
VOLTAGE COMPARISON 
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5.4.2 PMAD Freque ncy Study 

Sinre an ac system certainly appeared viable from earlier results 
obtained in this study, several frequency 1 eV pJ* 0 ?“««?”nci 9 *ISi crted two 
offs™ting t effects C would emergens frequency was increased, one decreasing the 

*n ^^se^ni^ra" tiese effects 
before addressing the complete power system. 

Therefore, at ^ 9 her frequencies the nux P The magnitude 

S’gR ^f a S in f o^ e e t sforTr a"Sb" is shown in Figure 5 .4-6. 

shown in this figure include the various transformer elements, 

core, windings, insulation, and mounting and 

components: enclosure, thermal "foment and radiator > ^contro.^a 

monitoring. Since the transforme emnloved as frequency is increased 

S’Sii^l^tTt^^nS decl ine^li nearly wit* frequency, 

but it is a strong function. 

Transmission line mass increases with 

transmission line diameter and mass must be increased. 

Several different transmission line configurations were compared at 
different frequencies to identify the best type^to “^for^power ^ , 
transmission. A comparison of these typ effect and line inductance are 

csaa w 

shape of these curves will change However these general trends 

wi 1 1 1 stTl 1 t exi st" ‘ (Note] S the r 'dc 1 transmi ssion l ine is provided for reference 
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employed. Although litz wire has the lowest mass of the conductor types 
shown, it is not necessarily the best type available or being recommended. 
Alternate constructions such as parallel plate or hollow conductor may be 
better and should be evaluated in future studies. It also appears from this 
figure that three-phase power transmission is more weight efficient and, 
consequently, more economical than single-phase. This agrees with terrestrial 
conclusions and is one of the reasons three-phase power transmission is used 
in terrestrial applications. However, three-phase power transmission may be 
more complicated and difficult to control. Additional sensors will be 
required to control and monitor a three-phase system; consequently, the data 
handling requirements will be greater. In fact, the mass of a three-phase 
system may actually be higher when the component modifications and additional 
devices necessary for its operation are considered. The pros and cons of 
single-phase and three-phase systems must be considered in greater detail in 
later studies to determine the best method of power transmission and 
distribution. 

To display the effect an increasing transmission frequency has on the 
total system mass, the masses of the transmission lines, the power 
conditioning, the power sources, and the total power system are shown in 
Figure 5.4-8. Since the power source mass predominates, the reduction in mass 
that occurs with an increasing frequency is relatively minor and difficult to 
see. The mass reduction from 1 kHz to 5 kHz is 1560 kg, a percentage change 
of six percent. To better display this change, only the PMAD subsystem and 
its elements are shown in Figure 5.4-9. While this chart clearly shows mass 
improvements are possible at higher frequencies, the problem will be designing 
a power source capable of supplying this increased frequency. Frequency 
converters are one method of obtaining higher frequencies, however, they were 
not included in this analysis due to funding and time constraints. They 
should certainly be considered further in later studies. 

It was previously stated that the transmission frequency of the power 
system is defined by the SP-100 Bray ton system alternator. While the 
frequency of this alternator can be changed by modifying its design, 
limitations exist. An alternator's frequency is defined by the formula: 

f-Np/120 

where N is the rotational speed in revolutions/minute (RPM) and p is the 
number of poles designed into the machine. Referring to this formula, it can 
be seen that the frequency can be increased by increasing the rotational speed 
or the number of poles. The rotational speed is limited by rotor dynamics and 
critical speed considerations. The number of poles can generally be 
increased, but the design is constrained by the inner circumference of the 
stator. An excessive number of poles will result in an inefficient machine. 
Normally the magnetic flux induced in the machine links the rotor and stator 
to transfer power. In a machine with too many poles, much of the flux will 
simply travel between rotor poles and will not link with the stator to produce 
useful work. 

The presently envisioned power system architecture utilizes Brayton 
cycle turbines to drive high speed electrical alternators. Power sources of 
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Figure 5.4-8 
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Figure 5 . 4-9 7/13/90 




... tune like anv other, require technical analysis and component and 
this type, line any ouier, ,c h“'' t thpv can he successfully 

control system design features to ensure that they c ^ conditions . 

experiences a braking action. Thus, their output voltages (generator 

in"a straight forward manner , by matching the^output^o.^g^ 

field control) and frequency (shaf P n „ p to adiust shaft speeds and 

once paralleled, the control ^t®!" "J between the alternators and minimize 
field controls to maintain load balance between^tne control are 

™" U iilde??tMd^d%»!rb2 CT - extens1vely demonstrated in terrestrial systems. 

The inverters following S"S iSd" . 

switchgear unitl^Extensiv^deveTo^nt worh^in^ inverters ^and^other^elptronic 

power converters is underway f° r P their ability to generate higher 

proposed for space applications because of f ei.r abi my^g^^ 

frequencies than rotating machini as* transformers, are lighter in weight and 
electromagnetic components, such a hiaher inverter frequency is 

the synthesis of lower frequencies from the Shin operating inverters 

facilitated. Additional factors must be nara yi e -| The P effect of inverter 

on a power system either 1 J?^ lv ^ a thp interference with other components must 
harmonics on the power system and the ^erference^witn ^ inh £ rent self 

be considered in the system design. Inverte op ^ control is necessary 

correcting mechanisms for load *££ing, cont control i er end control 

to ensure stability. For this reason, . red to ensure real and reactive power 
circuitry within each inverter ar Q enerq y within the inverter is lower 
sharing between the inverters. The stored gy w ’ compare d to rotating 
and therefore the stiffness of the source • '^^eS Sf the individual 
systems. Load sharing requires con* lp _ to match changing power demands, 

inverter voltages and respective phase “ZtiSepower flows, 

adapt to varying load im P® d JJ^ p ’_ ^Liters ^ interrelated and adjustments 

successful paralleling 

and stable system operation is achieved. 

Many of the points presented in t\\e above ^icussion^are^contained^in ^ 

Table 5.4-2. The Selecting ac power transmission. Because 

rhe^assef If ^Si^lt^ri’qHte dole, these items heavily influenced 

this recommendation. 

5.4.3 pmad Transmission Line Location Stud j ^ 

established: 12 U AWG S wre°not S allowedt r and We, " e 
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TABLE 5.4-2 

POWER TRANSMISSION FORM 
COMPARISON 
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transmission line temperatures were not permitted to exceed 120* C (248* F). 

The transmission lines will be subjected to pulling tensions during 
installation. To ensure the lines would have adequate mechanical strength, 
the minimum permitted transmission line size was 12 AWG. This restriction is 
fairly common for power conductors and it is frequently a stated requirement 
in terrestrial power system designs. The 120* C (248* F) temperature limit 
was defined mainly because of the electronics. The lines could probably 
tolerate higher temperatures--especially since they will probably be 
uninsulated— and still maintain adequate mechanical strength. However, the 
conductors are attached to the power conditioning components with low 
resistance connectors, which also tend to be good thermal conductors. High 
conductor temperatures may lead to excessive electronics temperatures. Later 
studies should consider this point further. 

During this study, two transmission line locations were considered for 
each application, suspended and buried. Early transmission line analyses had 
indicated suspended transmission lines would be superior in virtually every 
case because a reasonable line temperature could be maintained over a much 
wider efficiency range. More heat could be dissipated by radiation to space 
than by using the soil to conduct the heat. Buried lines would only be 
competitive when the line efficiency was relatively high. A complete 
discussion of this initial study and its results is contained in Section 

5.3.2. 1. 

When the two transmission line options were analyzed within the context 
of the complete PMAD model, some interesting results were noted. The minimum 
power system mass was obtained when high transmission line efficiencies were 
used The increased transmission line mass that resulted from selecting a 
hiqher efficiency was more than offset by the reduced power source mass. At 
these high efficiencies, the masses of the buried conductors were quite 
competitive for high voltage, long distance power transmission. 

These results were pleasing, since another study had indicated long 
distance suspended transmission lines would have higher installation costs 
(Ref. 1 1 1 -2 ) . The installation costs associated with suspended and buried 
transmission lines, however, will be studied in greater detail by . HART 

team and their recommendations will ultimately determine the locations and 
methods of installation. The buried lines will require trenching and digging 
equipment; the poles needed to support the suspended lines will increase their 
overall mass. These items were not included in this study. 

Suspended conductors were still the best at low voltage levels. The 
installation costs associated with these lines should be tolerable since the 
distances, typically 10 meters, are so short the lines may be simply supported 
by the attached equipment. Buried conductors are impractical for low voltage, 
high power transmission because the line mass is prohibitive at satisfactory 
line temperatures. 

The buried and suspended transmission line masses associated with the 
four longest runs are shown in Figures 5.4-10, 5.4-11, 5.4-12, and 5.4-13. 
These lines represent the main power transmission channels. Cable t is tne 
main power system transmission line and it conducts power from the source to 
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Cable Length (meters) 




load switchgear units. The ISRU power is supplied by cable 0. Cable S 
provides power to the landing area. The science user area will receive power 
via cable U. For cables E, 0 and U, an earlier study (Ref. 1 1 1 - 2 ) had 
indicated the increased mass of a buried cable was more than offset by the 
additional mass of the supporting poles and higher installation costs. The 
mass of cable S is actually less when it is buried. 
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6.0 


LUNAR BASE PMAD CONCLUSIONS AND RECONHENDATIONS 


This PMAD study has provided “"l' 1 

about the architecture . C ®!J H«? ous transmission line placements and 
power transmission, and the var conclusions and recommendations, it 

configurations. Before presenting these conclusions^ ^ ^ ^ 

will be beneficial to show the ma P shown in Figures 6.0-1 and 6.0- 

r^fnSures combined°with « 

depict 1 th^propose^powe^systera'architecture and the interaction of its PMAD 
components . 

The study results showed a centralized levels (10 percent 

some advantages. It has the lowest « s * growth (25 percent 

lower) and the smallest mass .™s !!sociated P with a centralized architecture 
less). The reliability concerns associ a s ba$e(j on a mo dular design 

can be resolved with Matures that favor a decentralized power 

approach. There are flexibility; and (2) the availability of 

system architecture: (1) added base Centralized architecture can more 

redundant, backup power SU PP]? * rf rina t^e design and emplacement phases, 
readily accommodate base changes dur ^ plies can be obtained from nearby 

During certain P e ^° d rritical Dower These features may justify the 

additional massif a decentralized architecture. 

The PMAD voltage study showed the dc and power ^^^^Ipproaching a 
nearly equal over a voltage range of ^/Lss gains obtained at higher 
minimum near 5000 V. It is leased devel^mlnt costs; therefore, the 
voltages do not justify the r 000 u This suggested value is based on 

suggested transmission voltage is 5000 V. s |» lable in the i unar base 

projected component 1 f. c 5 n °l°? 1 5 _ at P Si nee mas s penalties appear tolerable 
timeframe (Ref. V-l, V-2, V- , h component development demands may 

voltage downward. 

The best form of power tr ajsmission is ^f^f^cult'to use mass as a 
of the dc and » c systems are JjjCc t?lnsmission line models are preliminary, 
discriminator. In addl ^°"; these mass values. Alternate factors must be 
and model revisions could .^*" ge ^sed on the existing technology base and the 
considered to reach a decision. reliabilities, simplified fault 

required advancements, projec puMwvstem efficiency, ac transmission is 
protection and a higher 0V ^CnT?s defined b^ the Brayton system 
recommended . The system ’wtST* have an operating frequency of 

alternators, which are currently from 1 to 5 kHz will 

about 1 kHz. Analysis indica £f d J. on these alternators is not known, 

reduce the PMAD system mass, b ® eq J ency alternator design is determined, 
Until the practicality of a higher freq^ ^y ^ recommended for US e with a 

recommendat i on ^woul d pr °^ a ^ y a C system^ that°ut i 1 i ze s 6 *^ 
frequency U converterr to' Increase the transmission frequency must be studied. 
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Revised Option 5A - DC Centralized Power Distribution 
Nominal Power PMAD Values 
(Mass Values Include Thermal Management and Radiator Subsystems) 
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OF POOR QUALITY 














It is beneficial at this point to discuss some development issues 
associated with the various PMAD system options to bet ‘ e r ^ 000 

and ac power transmission suggestion. Although many °f t ,„ ned here 

Hi trussed in ADD6ndix A, generally in greater detail > they are _ 

because they have a direct bearing on the PMAD recommendations. It was only 
after carefully weighing the development requirements that a low frequency ac 
loltl transmi ssion system was selected. It was judged to have the best 
technology base and fewest development issues; consequently, the development 
risk and costs should be the lowest. 

Indications are that the item with the highest development costs will be 
the high voltage chopper stage contained in the step-down dc/dc 
chopper stage switches a dc voltage at a high rate to 9®°®™*® "J ^® rnat 9 
voltaqe. This is fed to the subsequent transformer to be stepped down. 

Precise! synchronized switching is required to provide a constant frequency 
EdfXi voltage regulation, the proposed chopper stage 
reliably switch 5000 Vdc, at a 40 kHz rate, for at least 10 years, bwitcn 
synchronization problems are exacerbated in a high power, high voltage 
choDoer since switches must be connected in series to handle these high 
voltage’ levels. Component testing must demonstrate that the cl }®PP e ^witch 

modules can reliably and efficiently provide P!: ecl ^’^^ r ° n l“J 0 ^r ^ 9 

at the projected lunar base voltage and power levels before a dc power 
transmission system can be confidently selected. 

Another dc power transmission component that will require extensive 
development is a dc switchgear unit. The dc RBIs contained in the switchgear 
assembly must use a mechanical and/or semiconductor switch capable of 
interrupting the maximum projected bus voltage. Depending on the desig , 
these switches will draw an arc or encounter high electromagnetic forces 
during opening that will generate high stresses and concentrated heating. 

This forces the dc RBI construction to be heavier. A comparable ac RBI switch 
cai open during the zero current crossing. This dramatically reduces the 
stresses encountered and consequently its mass. 

One of the most difficult tasks for the ac system will be the 
development of ac transmission lines. Dc lines should be s J m P ler .^.^ s1 ?" 
and fabricate since three factors associated with ac power transmission, th 
skin effect, line inductance, and shunt capacitance are not present with dc 
transmission At hiqher frequencies, these effects will become more 
pronounced, meaning ac conductor construction and relative placement will 
become 0 increasingly critical. This is one reason high frequency ac power 
transmission should be carefully examined. The ac transmission lines 
developed for SSF demonstrated that 20 kHz power can be efficiently 
transmitted over several hundred feet at voltages up to 440 Vrms; however, the 
higher voltage levels and longer transmission distances needed the lunar 
base will necessitate further cable development. s peciali zed instructions, 
such as parallel plate, litz wire, or a derivative of the SSF 20 kHz power 
cable will probably be required. Solid dielectrics may need to be used 
between the conductors to maintain a constant, small separation distance that 
minimizes the inductive reactance while providing sufficient insulation 
resistance. Since the effects of shunt capacitance grow as the transmission 
voltage and frequency are increased, it will also affect the cable design. 
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All these Items will raise the development costs and may complicate the 
transmission line installations. 

Both the dc and ac systems will require operaUon" The 

parallel; therefore, it is important system alternators and the 

dc architectures require the rectified Brayton system hk present ac 

architectures ^ui^Te p^Uel operation Sf the Brayton source alternators 
and SP-100 inverters. 

Technical analysis and careful control system design t0 

ensure the Brayton alternators can t Jp fundamentals of alternator control are 
varying load conditions; however, t Homnnstrated in terrestrial systems, 

well understood and have been facilitate paralleling since the energy 

Alternator operating character! sties fac ^Jnami/oDeration. Thus, alternators 
stored in their rotating i mas : % %t ah l}^! h tfS?S^d S^!er, by matching their 
can generally be paralleled, in as 9 , n d frequency (shaft speed control). 

output voltages (generator f ie ]. d alternator Daralleling, the control system 
To Maintain stable operator j after al t^nator^aral leiing^ ^ 

^lance n between°the J alternators P and minimize circulating reactive currents. 

The inverters following the SP •'^‘^^^sSncSgrarSni? 66 '' ‘° 
be paralleled, either at the s °^ c ® fine tj, e control techniques needed for 
Extensive development is und ®™J* conditions. Continuous adjustment of 

inverter paralleling under varying load cond ti. Shase angles is necessary for 
the individual inverter voltages and ^P^ u K e ^ 9 parameters are 
balanced load sharing. Difficu interfere with the operation of 

interrelated and adjiistments in on< 3 J^d ^nergj in an inverter is lower than 
another. In addition, be j*use difficult for it to maintain a 

successful ^parall el i r^ancf stabl e SSTJSS- are achieved. 

The last items to ^ h > d f es ?f„/rocahtto t nraoa^«ri! 1 t rhirs^drfa’ 0, ’ S 
and locations. Based on the is recoroiended that high voltage 

surface insta ationwas not > dd «“' d »- v ^ t ^ e r ^mission lines should 
transmission lines be buried, wh le iwvoi g obtained from another 

utilize a flat geometry and b high voltage lines 
study (Ref. III-2) indicated oy 9 cos ts A buried location will yield 

will significantly reduce installation costs, rdu incurre d in 

acceptable line masses and temperatures. • "„ d repajr difficulties 

burying the transmission lines, trenching^tiuin^^^ of the power 

must be considered further. Th transmission line must also be added to the 
poles used to support a ^JT.’lSpVrte accounting. The 

line's mass and installation costs ! jffereBt transmission line 

configur at ions'in 5 various Tociat i on s w i J t he besMocaUori^and 3 ^ 
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To maintain tolerable line temperatures and/or masses, the . s |l ort Tho 
distance, low voltage transmission lines normally must be suspended. The 
installation costs of these lines should not be excessive because the 
distances between equipment are short enough that supporting poles ^dlng^he 
are not needed. The only exception to this rule wi ] be the ing the 

launch Dad. Due to the particle ejections and settling regolith dust causea 
by a vehicle launch, a suspended cable might be damaged or become coated with 
dust. The regolith dust would be a natural thermal insulator, hindering its 
ability to radiate excess heat. 

For ac power transmission with a Brayton source, t-hirec-phas® 
transmission appears better than single-phase transmission. This approacn 
fits natural ly P with the Brayton alternator output and yields better power 
transfer characteristics for a given transmission line mass. This is one of 

the main reasons it is the standard for ter^est !f! a \ P 7®^ s ^^ult H t^ Ver, 
three-phase power transmission may be more complicated and diff icul t to 
control. Additional sensors are needed to control and monitor a three P ha 
system; consequently, the data handling requirements are higher. ™ese 
factors in conjunction with the component modifications and additional devices 
necessary for operation may actually cause the mass of a three-phase system to 
be higher. The advantages and disadvantages of single-phase and three-phase 
systems must be considered in greater detail to make a final recommendation on 
the best form of power transmission and distribution. 
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Appendix A 

Power Conditioning Component Issues 
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The lunar base power system will use several types of converters; 
however, most converters have common stages. Differences exist within these 
stages but, basically, their number, interconnection and type of control 
determines the converter's function and operation. Hence, one can address the 
development required for a certain combination of stages to assess the 
development required for a complete converter. In fact, the initial modeling 
and analysis will probably concentrate on separate sections before a full 
model is constructed to analyze the complete design. Proving the operation of 
critical components at applicable power, voltage and frequency levels would 
resolve certain feasibility issues. Additional funding is then required for 
further testing to assure the stages interact properly and to ultimately 
combine these stages into a fully functioning converter. The following 
paragraphs present some feasibility and development issues identified for the 
separate stages with a few of the tests required to resolve these issues. 

Chopper Stage 

A chopper stage switches dc power at a high rate to generate an 
alternating voltage and current. By varying the switching rate the frequency 
can be changed. Voltage regulation is normally accomplished in two ways. 

First, controlling the on duration of the switches, which determines the 
waveform pulse width, controls the output voltage. The second technique 
utilizes two separate, independently controlled modules, each designed to 
supply half the required maximum voltage. Summing these module voltages while 
varying their relative phase angles enables the combined output voltage to be 
varied from zero to full value. Using these techniques, fine voltage 
regulation can be achieved; but, precise, synchronized switching is required. 
Switch synchronization problems are exacerbated in a high power, high voltage 
chopper since numerous switches must be paralleled or connected in series to 
handle the high voltage and/or current levels. Voltage regulation will 
probably be performed by the chopper section utilizing pulse width modulation, 
controlled phase angle voltage summation, or a combination of these methods. 
Regardless of the method ultimately selected, precise, synchronized switching 
of the chopper switch modules must be verified at the voltage and power levels 
projected for the lunar base power conditioning system. 

The step-up converter chopper section will operate at voltages similar 
to those encountered in the space station, less than 200 Vdc, although the 
power level will be significantly higher. The current space station 
converters are rated at 12.5 kWe. The lunar base converters will probably be 
designed for powers up to 100 kWe, possibly even more as the base evolves. 
Currently, metal -oxide semiconductor field effect transistors (MOSFETs) are 
utilized for the chopper switches, although MOS controlled thyristors (MCTs) 
are being developed as replacements due to their lower switching losses, and 
higher voltage and power capabilities. Generally, several MOSFETs are 
paralleled to handle the switching current levels. Due to their thermal- 
resistive characteristics, MOSFETs tend to share the current load relatively 
equally, preventing any one MOSFET from conducting too much current and 
failing. Early MCT testing results indicate these devices do not share 
currents as well as MOSFETs. Consequently, more MCTs may need to be 
paralleled to prevent any one from assuming too much of the load. MCT circuit 


103 



testing is required to determine 
that high power, high frequency, 


methods to enhance current sharing and verify 
synchronized switching is practical. 


The steo-down converter chopper section must be rated for similar power 
levels as the step-up converter chopper section. However, since its input 
vol tage** s much hi .her , probably abSSt 5000 Vdc, the current «al w,l e 
much lower Consequently, MCTs may not need to be paralleled, insteaa tney 
Tst be connected in series to withstand the high mtdnng 
potentials. A survey p ower, hig v° 9 ^ w jth a 5000 volt 

conducted in September of 1988, ind ? c ®*?? * a 2 n kHz switching speed is 

^vaMe^MS 2000 (Ref T!) S? Si ?Snar base power conducing 

3sas,'253s, , :.xsirii' 


Transformer Stage 
depend^ 

Sm^ dWrent ^aose tbe operaiog 

arffiaiSffir tss a as? 

applications will clarify these differences. 

a c+anH ainnp ac transformer would probably be utilized in an ac power 

than 5 kHz Transformer core volume and mass decrease with increasing 

frequencies until eddy current and hysteresis loss« becorae^pre “’“ c|) , 1 er 

r 5 ra «r, d t s &; u* «« * . 

aan.'i’sss'sLSB sar.jt SIS s ,r o,d 

^^^^^‘lossesTesulting^fro^hig^frequency h.monics aren't present. 

TKm t«ncfnnnpr section of the dc/dc converter is a higher risk 

fetsibiinj issues or items requiring extensive development. These 
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transformers will operate at high switching frequencies, possibly as high as 
40 kHz, to minimize transformer core volume and mass. This high frequency 
input is generated by rapidly switching a dc voltage--the function of the 
earlier discussed chopper section; therefore, the waveform is not a smooth 
sinusoid. It is normally a square wave, which has a high harmonic content. 
High frequency, square waves necessitate the use of specialized core 
materials, such as Permalloy, Superman oy, or amorphous metals, that have low 
core loss characteristics. These transformers must also be insulated for 
approximately 5000 Vrms. At high voltage levels, the thickness of the winding 
insulation must be increased to prevent insulation breakdown and a resulting 
arc over between windings. Because the windings must be separated further to 
allow for this increased insulation, optimum coupling between the primary and 
secondary windings is difficult to achieve. In addition, the voltage ratio is 
approaching 50 for this transformer design, about 75 Vrms to 3700 Vrms 5 ; 
therefore, the primary to secondary coupling problem may be further compounded 
and an interleaved winding design may be required. Consequently, the main 
design challenge will probably be determining the winding configuration that 
limits the leakage inductance and winding capacitance at a high inversion 
frequency such as 40 kHz, while ensuring adequate insulation strength. 

Rectifier Stage 

The rectification section of the step-up converter must be designed for 
high voltages, while the step-down converter rectification section will 
experience high current levels. These voltage and current values are 
comparable to those encountered by the two chopper section designs. But since 
the rectification stage probably will not require high frequency switching, 
its design is simplified and development costs reduced. It may be desirable 
to utilize thyristors, however, to enable power to be switched off in the 
event of a fault or provide voltage regulation by means of pulse width 
modulation. Extremely high voltage rectifiers typically utilize a pancake 
configuration consisting of diodes or silicon controlled rectifiers (SCRs) 
stacked in series to withstand the voltage potentials. The low voltage 
rectification stages will conduct high currents; therefore, diodes or SCRs may 
have to be placed in parallel. Presently, diodes and SCRs with high voltage 
and current ratings are available that appear to be adequate for the lunar 
base power conditioning needs. Although both high and low voltage rectifier 
designs will require the development of weight efficient methods of removing 
waste heat, there do not appear to be any feasibility issues associated with 
either one. 


5 Based on current information, a dc/dc converter following the SP- 100 
source will receive an input of 100 Vdc. The assumed converter output voltage 
is 5000 Vdc. Utilizing a six-pulse full wave rectifier for the dc output to 
facilitate rectifier filtering necessitates a three-phase transformer. A 
six-pulse input invertor (the chopper stage) is needed to converter the SP- 100 
dc input into three-phase ac. The voltage relationship for a full wave 
conversion from dc to three-phase ac, or vice versa, is 3*SQRT ( 2 )/tr or about 
1.35. Although this number does not include commutation losses, it is 
reasonably accurate. The values obtained are (100 Vdc/1.35)*75 Vdc and (5000 
Vdc/1 .35)*3700 Vdc. 
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Filter Stage 

The primary purpose of filtering is to prevent interference generated in 
one component propagating to other elements In the s ^tem. Nomally the 
components generating the most interference contain switching devices or 
chopper stages; for example, dc/ac inverters a ^. d ?/ d ? n c ?^®^ er ^ or G !j;^ a11y ’ 
the higher the switching frequency, the easier it is to filter. For this 
reason! high frequency filter designs are often lighter in weight than 
comparable^ low f?eque!,cy designs. In addition, the PMAD system itself can be 
designed to reduce system harmonic content. For example, in a three-phase 
system the symmetry of the phase groups precludes any even harmonics and the 
third harmonic and its multiples are naturally suppressed. Other hannonics 
can be mitigated through judicious paralleling practices or the inclusion of 
special components such as zig-zag transformers. 

It is difficult to discuss a specific filter design since the power 
Quality requirements have not been defined. However, one can make certain 
assumption^about the filtering needs. The power quality requirements imposed 
on the space station dc/dc converters can be utilized for the step-down 
convertefs that feed the habitat modules. The loads and ’ n J* r "J 1 il dl *J ributl 
eauiDment will probably be similar, since it would be wise to build on 
existing technology. The power source step-up converters will be feeding long 
transmission lines. The inherent transmission line inductance will n ?* u ™ lly 
filter the converter output, therefore, the filtering demands should be less 
stringent. The converter filter stage and the transmission line inductance 
should be considered together when defining the PMAD system Altering 
requirements? 51 For ac transmission, the losses resulting from high frequency 
harmonics must be considered during the development of the ac transmission 
lines. Component filters will significantly reduce high .^equency b*™° nics ’ 
nevertheless, the transmission lines will experience n ?ticeable harmon 
distortion if they are fed by inverters. Dc transmission line designs must 
consider the skin effect and inductive losses resulting from ac ripple and 
noise superimposed 6 ^ the dc voltage. If these added losses are overlooked, 
they could lead to excessive line heating. The filter designs utilized in the 
sDace station and lunar base converters will probably use similar topologies, 
however the capacitor and inductor power ratings of the lunar base converters 
lust be* larger due to the higher voltage and current levels. Since the two 
designs will be similar, no feasibility issues exist and much of the 
development expended on the space station filter designs should be applicable 
to the lunar base filter designs. 

Control and Monitoring 

Each of the power conditioning components will have some type of control 
and monitoring subsystem. This subsystem can bequitesimpieand consist of a 
few voltage, current, and temperature sensors connected to a data interface 
rard or be auite complex and utilize a processor capable of conducting a 
complete built-in component test and assessing its operation before the device 
is brought on line. A component controller responds to higher level commands 
and Derforms the minute steps necessary to implement these commands. Typical 
cM^ds light infirm a unit to change its output voltage setpoint .or make the 
latest device temperatures available to the data bus. The monitoring system 
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provides component operating status information to the module 
higher level computers. These data signals require a data interface module, 
normally composed of numerous analog to digital conversion circuits, to 
convert the sensor signals into the proper form for data bus transmission. 


While the mass of this subsystem is frequently underestimated, it can be 
considerable, especially in small power conditioning components, mis i 
because its mass remains relatively constant, regardless of the component 
Dower level. It increases only slightly as component power levels increase to 
accommodate the use of sensors designed for the higher voltage and curren 
levels. Because the power conditioning components contained in th e lunar Dase 

will typically be designed for high power levels, thls °oSs 

much smaller percentage of the mass than was the case with the SSF compone . 
There does not appear to be any feasibility issues associated with mass 

subsystem and commercial electronics developments should result in some mass 


reductions. 
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